Introduction

CRISPR-Cas (Clustered Regularly Interspaced Short Palindromic
Repeats-CRISPR associated) technologies have greatly advanced our genetic engineering capabilities in the past few years. Widely found in bacteria and archaea, CRISPR-Cas systems constitute the adaptive immune systems that act against invading foreign nucleic acids [1] . In general, CRISPR-Cas systems are composed of a CRISPR RNA (crRNA) and Cas proteins. The crRNA is complementary to the target sequence and thus guides the Cas proteins for the sequence-specific recognition and cleavage. The genetic modification can then be introduced by either the error-prone non-homologous end joining (NHEJ) or homologydirected repair (HDR) that creates precise genomic modifications. While eukaryotes use both mechanisms to respond to DNA breakages [2, 3] , most prokaryotes employ HDR [4] [5] [6] . These mechanisms can be exploited for various CRISPR-Cas based biotechnologies.
A number of promising CRISPR-Cas technologies have been developed, revolutionizing research and application in biology. Compared to traditional DNA engineering strategies [7, 8] such as λ-Red recombineering, CRISPR-Cas genome editing is a marker-free, versatile and efficiency method, and requires less screening to identify the positive clones. Furthermore, engineering the Cas proteins to nucleasedeficient Cas (dCas) further expands the power of CRISPR-Cas based systems to easy, efficient, and multi-target transcriptional repression and activation, enabling expression level control of potentially any genes of interest without manipulating the genomic sequence. Further, new technologies based on CRISPR-Cas are constantly being developed. For example, by fusion of deaminases to dCas, CRISPR-Cas systems can be adapted to enable base editing on DNA and RNA, without requirement of DNA cleavage or any donor templates. Additionally, based on the collateral effect of Cas proteins, CRISPR-Cas systems have been exploited to detect specific nucleic acids in attomole level [9] [10] [11] .
CRISPR-Cas systems are classified as Class 1 and Class 2, which are based on multi-protein effector complex and one single Cas protein, respectively. Depending on their complexity and signature proteins, CRISPR-Cas systems are further divided into six types (Type I-VI). Among them, the type II-A CRISPR-Cas9 and type V-A CRISPR-Cas12a (previously referred as Cpf1) have been most widely studied and developed as genetic tools in bacteria. Notably, based on the PubMed results using terms "Cas9" and "Cas12a (or Cpf1)", ∼5000 articles have been published in the past two years ( Fig. 1) , indicating the emergence of a hot research topic. There are many high-profile reviews on CRISPRCas applications in eukaryotic organisms, such as yeast, filamentous fungi, plant, and mammalian cells [12] [13] [14] [15] . Here, we will discuss the CRISPR-Cas with a particular focus on the associated technologies and applications of CRISPR-Cas9 and CRISPR-Cas12a in various bacterial species.
https://doi.org/10.1016/j.synbio.2018.09.004 . The immune defense presented on the upper contains three steps: spacer acquisition, crRNA biogenesis, and target interference. The Cas domain organizations are presented at the bottom. spCas9 has two nuclease domains HNH and RuvC which cleaves complementary and non-complementary DNA strands respectively, while fnCas12a uses the single nuclease domain RuvC for both DNA cleavage. Orange triangles, the cleavage site; PAM, protospacer adjacent motif; NUC, nuclease lobe; REC, recognition lobe; PI, PAM interaction domain; WED, wedge domain; BH, bridge helix; tracrRNA, trans-activating CRISPR RNA.
CRISPR defense
Spacer acquisition
Bacterial immunity memory is located at CRISPR arrays containing unique DNA spacers (known as protospacers) flanked by short repeats (Fig. 2 ). Detection and integration of exogenous DNA into the CRISPR array is the first step of CRISPR-mediated immunity, allowing host organisms to memorize invaders [17] . The spacer acquisition machinery varies across different CRISPR-Cas types. In the type II-A system, four Cas proteins (Cas9, Cas1, Cas2, and Csn2) and a trans-activating CRISPR RNA (tracrRNA) are required [18, 19] (Fig. 2) . Similarly, type V-A system adopts Cas12a, Cas1, Cas2, and Cas4 for spacer acquisition [20] (Fig. 2) .
The selection of new protospacers is often non-random. Within the invading DNA, a 2-5 nucleotide protospacer adjacent motif (PAM) next to the protospacer is critical for acquisition [21] [22] [23] [24] [25] . Cas9 first selects a protospacer adjacent to a PAM, and then recruits the acquisition proteins (Cas1, Cas2 and Csn2) for integration of the new spacer into the CRISPR array [19] . To yield a new spacer, a distinct sequence of the invading DNAs is inserted into the leader end of the CRISPR array by the Cas1-Cas2 complex (Fig. 2 ) and the first repeat of the array is duplicated to maintain the repeat-spacer-repeat architecture [26] . The PAM site only exists in targets but not the CRISPR assay, thus avoiding self-targeting [27, 28] .
crRNA biogenesis
Successful protection from DNA invading requires the CRISPR array to be transcribed into a long precursor CRISPR RNA (pre-crRNA) and further processed into mature CRISPR RNAs (crRNA) [29, 30] . In the type II-A Cas9 system, the pre-crRNA expression is controlled by a promoter embedded within the AT-rich leader sequence preceding the CRISPR array. A tracrRNA with complementary sequence to the precrRNA (Fig. 2) is required for the processing of pre-crRNA, and forms a mature dual RNA (crRNA:tracrRNA). The duplex is specifically recognized and stabilized by Cas9, and further cleaved by an endogenous RNase III [31] . Then, an unknown nuclease trims the 5′ end of the crRNA, leading to the mature crRNA [31, 32] . The crRNA and tracrRNA can also be artificially engineered and fused into a chimeric single guide RNA (sgRNA) for genome editing [33] . Unlike type II-A system, the type V-A Cas12a system capable of processing the crRNA maturation by itself, doesn't require tracrRNA or RNase III [24, 25] .
Interference
In the third stage of the defense, the effector complex guided by the crRNA recognizes and cleaves the invading DNAs [25, 32, 34] . Cas9 and Cas12a act as nucleases and play important roles during the interference process. The crystal structure of Cas9 reveals two lobes, an α-helical recognition (REC) lobe and a nuclease (NUC) lobe [28, 35] (Fig. 2) . The REC lobe, consisting bridge helix (BH), REC1, REC2, and REC3 domains, is indispensable for binding to sgRNA and DNA. The NUC lobe is composed of a PAM-interacting (PI) domain and two nuclease domains, HNH and RuvC, which cleaves complementary and non-complementary strands of the target DNA respectively. Similar to Cas9, Cas12a also adopts a bi-lobed structure comprising the REC and NUC lobes (Fig. 2b) . The REC lobe consists of REC1 and REC2 domains, and the NUC lobe is comprised of Wedge (WED), PI, BH, Nuc, and RuvC domains. Unlike Cas9, Cas12a uses the single nuclease domain RuvC for cleavage of both DNA strands [36] and use WED III domain as the RNase for process its own crRNA [36, 37] .
In the type II-A system, Cas9 identifies target DNAs using its PI domain through the recognition of a cognate PAM sequence (such as S. pyogenes spCas9 PAM, 5′-NGG-3′) located directly downstream of the protospacer [27, 28] . spCas9 recognizes the conserved PAM dG-2 and dG-3 nucleotides via major-groove interactions with two arginine residues (R1333 and R1335). Interference also depends on a PAM-proximal 10-12 nt seed segment at the 3′-end of the 20-nt target RNA [38] ( Fig. 2a) . The guide RNA loading regulates spCas9 activity by converting its apo-state to a target-recognition mode, where a central cleft is generated between the two lobes to accommodate the RNA-DNA heteroduplex [28, 34] . Upon recognition of the PAM and preorganization of seed sequence in an A-form helical conformation, spCas9 triggers target DNA unwinding and R-loop formation. The target-DNA duplex adjacent to the PAM is destabilized through a phosphate lock loop (K1107-S1109) mechanism [27] . The configuration change stabilizes the structural distortion in the targeted strand and plays an important role for base pairing between the guide RNA and DNA [27] . Then, interacting with the pre-ordered seed region, a RNA-DNA heteroduplex is formed along the REC and NUC lobes, while the non-targeted strand is displaced [39] . The RNA-DNA heteroduplex along with the non-targeted strand forms a R-loop structure (Fig. 2) . The R-loop triggers the cleavage at a specific site 3-bp from the NGG PAM, yielding predominantly blunt ends [33, 40] . Fluorescence experiments show that the HNH domain is mobile, and whether it is in place relies on the PAMdistal-end complementarity [38] . The HNH domain allosterically controls the RuvC domain to guarantee high-fidelity of target DNA cleavage [38, 40] .
In the type V-A system, unlike Cas9, Cas12a does not require any tracrRNA and only needs crRNA for cleavage. Francisella novicida fnCas12a recognizes a 5′-TTN-3′ PAM located directly upstream (not downstream as in Cas9's case) of the protospacer by the base and shape readout mechanism [24, 25] . Two invariant residuals (K613 and K671) in the WED domain are inserted in the minor and major grooves of the T-rich region [36, 37] . The seed region which is approximately 5-6 nt at the 5′-end of the spacer-derived segment of crRNA, preorders in an Aform helical conformation by Cas12a (Fig. 2b) . The residues of Lys823 and Gly826 interact with the phosphate group between dT-1 and dT0 of the targeted strand that initiates base pairing [41] . Similar to Cas9, Cas12a also undergoes large structural rearrangements, forming a cleft to accommodate the RNA-DNA heteroduplex [20, 42] . fnCas12a, via RuvC catalytic domain, generates a staggered double-stranded break (DSB) with a 5-nt overhang distal to the PAM (19-bp from the PAM) [25] . However, the details of cleavage in Cas12a remain unknown and open for further investigations.
Anti-CRISPR-Cas systems
To survive in the arm race between phages and the CRISPR-Cas system, some "smart" phages have evolved anti-CRISPR-Cas systems that can inhibit CRISPR-Cas systems [43] [44] [45] . For a while, acquisition of point mutations within the protospacer or the PAM was thought to be the only way to escape the CRISPR-Cas systems. It is only until recently the anti-CRISPR proteins (Acr) [46] was discovered. The first Acr is found in pro-phages from the host Pseudomonas aeruginosa and allows pro-phages to escape destruction from CRISPR-Cas systems [46] . Later, plenty of Acrs are discovered from various bacterial hosts, such as Pseudomonas aeruginosa [46] [47] [48] , Neisseria meningitides [48] , Listeria monocytogenes [49] , and Shewanella xiamenensis [48] , and even from plasmids and conjugative DNA islands [46, 47] .
The Acrs discovered from ∼20 unique families are all small proteins with 50-150 amino acids, and have no sequence similarity to any known proteins [43, 44] . Up to date, several mechanisms of the anti-CRISPR-Cas have been characterized, including interfering with DNA binding activity [50] [51] [52] [53] , inhibiting Cas3 recruitment [54, 55] , and preventing DNA cleavage [56] . For anti-type II CRISPR-Cas9 [49] , some Acrs act as DNA-mimicking inhibitors and occupy the PAM-binding site, thus preventing DNA target binding [57] [58] [59] . Alternatively, some Acrs disable Cas9 function by binding to the HNH domain via critical catalytic residues [56] . The anti-CRISPR-Cas can be potentially adapted to enhance the CRISPR-Cas editing by reducing its off-targeting effects and allowing for spatial, temporal, and conditional controls [58, 60] .
Cas variants
Cas9 and Cas12a as important effectors in CRISPR-Cas, have been engineered to generate variants for different purposes. Cas9 has two cleaving domains RuvC and HNH. The mutants RuvC (D10A) and/or HNH (H841A) are introduced into spCas9 to form the nuclease-deactivated Cas9 (dCas9, intact DNA binding activity but no cleavage activity) and the Cas9-nickase (nCas9, introducing a nick after single strand cleavage). As only bearing the RuvC domain for DNA cut, Cas12a can be modified to a nuclease-deactivated Cas12a (dCas12a, such as Acidaminococcus sp. dCas12a (E993A)), and cannot be engineered to form Cas12a-nickase [36, 42, 61] . The nCas9, dCas9, and dCas12a have been broadly applied for transcription regulation, base editing, etc. [3, 62] . Recently, a new class of Cas9 variants with broad PAM compatibility and high DNA specificity, termed as xCas9, have been created [63] . These xCas9 proteins potentially increase the flexibility for choosing genomic loci.
The requirement of PAM site at target sequences limits Cas9 applications. For example, the PAM NGG recognized by canonical spCas9 only occurs once every 8-16 base pairs among selected genomes [63] , and thus limits the applications that need precise positions. Although harnessing either previously engineered CRISPR nucleases [64, 65] or other naturally-occurring CRISPR nucleases recognizing different PAMs [65, 66] has enabled a wider selection of the targeting sequence, many genomic loci still remain inaccessible. Liu group used a "phage-assisted continuous evolution (PACE)" method [67] [68] [69] to generate the xCas9 variants [63] , and observed notable recurring mutations (E480K, E543D, E1219V, A262T, K294R, S409I, M694I, K294R, Q1256K, and R324L) within the xCas9 variants [63] . Based on the crystal structure of spCas9, E1219 is close to the two residues, R1333 and R1335, which are involved in PAM recognition [27] . The R324, S409, and M694 residues are predicted to be close to the DNA-sgRNA interface, and possibly mediates target recognition and Cas9 conformation change. DNA cleavage test showed that a variant xCas9-3.7 was able to recognize GAA, GAT, CAA, NG, and NNG PAM sites [63] , greatly expanding the PAM recognition sites. The xCas9 have proved to be effective in human cells for genome editing, transcriptional activation, and base editing. Interestingly, the xCas9 presented higher DNA specificity and lower offtarget activity than spCas9, presumably because the xCas9 mutation residues are close to PAM or the DNA-sgRNA interface refines the DNA-RNA-contact region [63] . Except for the engineered xCas9, Nishimasu et al. recently reported that a rationally engineered spCas9 variant was able to recognize relaxed NG PAMs [70] . These results present potentials for further optimizing Cas variants.
Besides Cas9 and Cas12a, another CRISPR nuclease Cas13a (formerly known as C2c2) is attracting great attentions [71, 72] . Cas13a is the effector protein of the type VI CRISPR-Cas system. Unlike Cas9 and Cas12a, Cas13a is an RNA-guided RNase that cleaves both pre-crRNA and its single-stranded RNA (ssRNA) target (Fig. 4d) . The structural study reveals that the RNase active pockets for cutting pre-crRNA and target RNA are located on the Helical-1 and HEPN domains, respectively [73] . The protospacer flanking sequence (PFS, equivalent to the PAM site) of Cas13a from Leptotrichia shahii is located at the 3′ end of the interval region, and is composed of A, U or C bases (not G). It is shown in vitro that after cleavage of crRNA-targeted RNA, Cas13a cleaves collateral RNA that has no complementarity to the designed crRNA [72] . Such promiscuous RNA cleavage is used for detecting specific nucleic acid (described in section 3.4). In E. coli, the activated nonspecific RNase activity cause cellular toxicity, retarding cell growth. Interestingly, when expressed in the human cells, Cas13a from Leptotrichia wadei only targets the RNA designated by crRNA, while all the other RNA sequences in the cells remain intact [71] . Furthermore, a new type VI CRISPR RNase Cas13b from Prevotella sp. was found to be more efficient compared to Cas13a and doesn't require any PFS [74] , thus was further developed as an RNA base editor [74] (described in 3.3). Because Cas13 does not cleave DNAs, it is believed to be a better alternative for gene therapy.
CRISPR-Cas9/Cas12a-based biotechnology
The natural CRISPR-Cas systems were initially utilized for genome engineering and were later developed for gene regulation. These two technologies have extensive applications in prokaryotic and eukaryotic cells. Other CRISPR-related biotechnologies, such as DNA imaging, bacterial vaccination, virome tracking, and DNA cloning have also been created and well summarized in other reviews [3, 13, [75] [76] [77] . dCasbased DNA optical probes fused to fluorescent proteins have been developed for in vivo imaging of specific genomic loci, and this technology propels our understanding of chromosomal organizations and dynamics. Analysis of the CRISPR array sequences also enables precise genotyping of bacterial strains and provides a record of past virome infections that hints on the interactions between bacterial species and bacteriophages. Such information is also valuable to develop CRISPRCas vaccination to prevent bacteriophage infections, which helps minimize the risk of failure in industrial fermentations. Additionally, CRISPR DNA cloning can facilitate the in vitro DNA assembly in a simple way [78] [79] [80] [81] . Here, we discuss the widely-used CRISPR-based genome engineering and CRISPR gene regulation, and the emerging CRISPR-biotechnologies including base editing and nucleic acid detection.
Nuclease-dependent CRISPR genome editing
Before CRISPR-Cas, zinc-finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs) [82] are used for programmable sequence-specific genome editing, aided by fusion of FokI nuclease. ZFNs and TALENs use repeat domains to recognize triple and single base pairs respectively, and modular domain repeats need to be linked in a sequential manner to recognize contiguous sequences. Therefore, huge difficulties arise for custom domain design. In contrast to ZFNs and TALENs, CRISPR-Cas only requires a simple design of guide RNAs to lead to specific DNA targets. The CRISPR genome editing initiates from the introduction of DSB (described in 2.1.3 section), and followed by DNA repair through NHEJ or HDR (Fig. 3a) . In bacteria, the NHEJ system depends on a dedicated DNA ligase (LigD) and the DNAend-binding proteins, and leads to error-prone repair by introducing imprecise indels [83] . Most of bacteria lack NHEJ, and need donor DNA templates for precise HDR repair.
In the first reported bacterial genome editing [84] , a dual-RNA:Cas9 was constructed for the cleavage at targeted genomic sites in Streptococcus pneumoniae and in E. coli. Together with a donor template, the CRISPR-induced HDR generated marker-less mutations. The editing efficiency was significantly improved by introducing the lambda-Red [84] or the RecET [85] recombineering systems derived from phagenic repair systems. Later, replacement of the dual-RNA (tracrRNA:crRNA) by the sgRNA further simplified system [33] . Moreover, Cas12a further facilitated the genome editing by targeting to multiple genomic loci through a single transcript [72] .
CRISPR gene regulation: CRISPR interference and CRISPR activation
The ability to precisely regulate gene expression is important to understand desired genes' functions. ZFNs and TALENs have also been developed for gene regulation [82] . However, their applications are often limited by difficulties in designing the effective domains. By contrast, dCas provides a simple and robust technology for gene repression and activation, and can target almost any DNA sequence aided by the sgRNA. The nuclease-defective S. pyogenes dCas9 (D10A and H841A) is the widely used for various applications. Working like bacterial transcriptional repressors that are limited by recognitions of specific-DNA-sequences [86, 87] , the CRISPR interference (CRISPRi) inhibits transcription by sterically blocking the RNA polymerase (RNAP) (Fig. 3b) . The first CRISPRi in bacteria was reported by Qi et al., demonstrating an RNA-guided dCas9 system for fluorescentprotein gene repression [88] . Interestingly, the dCas-sgRNA complex alone was enough for strong gene repression in bacteria [88] , whereas auxiliary inhibitors were required to fuse to dCas for the strong repression in eukaryotic cells [89] . For multi-gene repression, the dCas9 CRISPRi needs independent expression of multiple sgRNAs [88] , while dCas12a CRISPRi only needs the expression of a single CRISPR array [61] .
CRISPR-based gene activation, termed CRISPRa, is also achieved in E. coli by fusing the ω-subunit of the RNAP to the dCas9 complex [90] (Fig. 3c) . The dCas9 complex guided by crRNA binds to the upstream promoter regions and recruits the RNAP, and further activates transcription. However, the fold of activation in the initial CRISPRa system was not significant, limiting further applications. Recently, Hu et al. adopted a mutated ω subunit ω-(I12N) tethered to dCas9 to boost transcriptional activation up to over 100-fold [63] . This system was then used in "phage-assisted non-continuous evolution" to evolve the xCas9 variants [63] , demonstrating great potential for other applications. Besides the application in E. coli, the dCas9-ω CRISPRa was also used in Myxococcus xanthus for improvement of epothilone production by gene-cluster activation [91] . Furthermore, a new CRISPRa system [92] was recently set up in E. coli by fusing a bacterial RNAP activator SoxS, a member of the AraC family of transcription factors (Fig. 3c) . The CRISPRa system obviously increased the activation by over 100-fold compared to the control and successfully applied for ethanol biosynthesis.
In conclusion, owing to the simpler design, better performance and less sequence constraint, the capacity of CRISPRa/i to activate and repress gene expression is more powerful compared to the widely adopted transcription factor/DNA pairs.
Base editing
Currently, DNA and RNA base editing approaches are available in both prokaryotic and eukaryotic cells, greatly advancing DNA manipulations in a safer manner. The classic nuclease-dependent CRISPR genome editing (described in section 3.1) generates DSBs that introduce toxicity and massive random indels derived from the NHEJ and other known/unknown mechanisms [93, 94] , thus resulting in inefficient genome-editing and potential risks [95] [96] [97] . To overcome such problems, a novel CRISPR technology "DNA base editing" has been first Fig. 3 . CRISPR genome editing (a) and CRISPR gene regulation including CRISPR interference (b, CRISPRi) and CRISPR activation (c, CRISPRa). The genome editing starts from the introduction of DSBs (double-stranded breaks) followed by NHEJ and HDR DNA repair. CRISPRi uses dCas (dCas9 or dCas12a) to sterically block RNA polymerase (RNAP) to repress gene expression. CRISPRa is achieved by fusing the ω-subunit of the RNAP or the bacterial RNAP activator SoxS to dCas9, and activates transcription by recruitment of the RNAP assembly.
developed to change single DNA nucleotides without introducing DSBs or requiring any homology-directed repair [96] [97] [98] . The first developed base editor is cytosine deaminase-based DNA base editor [97] [98] [99] , which converts C to T within target sequences. The system consists of a) an inactive CRISPR-Cas along with a sgRNA for specific binding, b) a cytidine deaminase that converts C to U which is later converted to T via endogenous DNA repair systems, within a narrow nucleotide window on a single-stranded DNA, and c) an uracil glycosylase inhibitor (UGI) that blocks uracil excision (Fig. 4a) . The inactive Cas dCas9, dCas12a, and nCas9 were tested, among which nCas9 (D10A) nicking the non-edited DNA strand showed higher efficacy. The cytidine deaminase (such as apolipoprotein B mRNA-editing enzyme, catalytic polypeptide-like (APOBEC) and activation-induced deaminase (AID) cytidine deaminase) and the UGI were fused to dCas to form the base editing system. Moreover, adenine base editors (ABEs) were later developed, converting A to G using an evolved tRNA adenosine deaminase [96] (Fig. 4b) , exhibiting high editing efficacy and purity.
Since creating the DNA base editing systems, many groups have focused on optimization of the systems, and applications for disease treatment in vertebrate [96, 100] and crop improvement in plant [101] . A bacteriophage Mu protein that can bind to DSBs was fused to nCas9, further reducing the frequency of indels during base editing [102] . The narrow window (caused by the R-loop) around suitably positioned PAM sites are confirmed to be important for high-efficiency base editing [95] [96] [97] . The derivatives of Cas9 and Cas12a with broad PAM compatibilities could further extend the capacity of base-editing [3, 96, 99] . Owing to the substitutions of C to T and A to G in most of known human genetic diseases, the base editing systems are promising in clinical applications [96, 100] .
Besides DNA base editing, RNA base editing is created using Cas13b by Zhang group [74] . An adenosine deaminase that acts on RNA converting adenosine (A) to inosine (I), was tethered into the catalyticallyinactive Cas13b (dCas13b), forming a RNA Editing for Programmable A to I Replacement (REPAIR) base editing system (Fig. 4c) . The REPAIR system only edited full-length RNA transcripts and did not alter the DNA sequence, thus presenting a promising and safe base editing platform for treating diseases that need short-term changes in transcription level [74] .
Nucleic acid detection by Cas13 and Cas12a
Based on the promiscuous RNase ability to cleave collateral RNAs, Cas13a has been developed as a highly sensitive diagnostic tool for nucleic acid detection in vitro [103] . Once Cas13a-crRNA complex recognizes the target RNA and performs the specific cleavage, the activated Cas13a will cut the nearby non-targeted RNAs. A RNA reporterquenched fluorescent RNA, which does not emit any fluorescence until the RNA gets cleaved, was used in the system. The system was further optimized through the technology "isothermal amplification" with recombinase polymerase amplification (for amplifying signals) and T7 transcription (for detecting DNA signals) [104, 105] , generating a "Specific High-Sensitivity Enzymatic Reporter UnLOCKing" (SHERL-OCK) system. The system can detect DNAs and RNAs with single-base mismatch specificity and attomolar detection sensitivity. Later, indiscriminate single-stranded DNA (ssDNA) cleavage activity by the activated Cas12a was disclosed [9, 11] . Results showed that the RNAguided DNA binding activated LbCas12a for both cleavages on sitespecific dsDNA and collateral ssDNA. Interestingly, turnover values for cleavage of site-specific dsDNAs were much lower than those for the collateral ssDNA. The cleavage of collateral dsDNA after the specific cleavage was arguable based on current results from two groups [9, 11] . Also, the Cas12a was explored to generate a DNA endonuclease-targeted CRISPR trans reporter (DETECTR) system for DNA detection with the attomolar sensitivity [9] . Further, using Cas13 or Cas12a along with an auxiliary CRISPR-associated enzyme (Csm6), SHERLOCK was optimized to generate SHERLOCK v2 and successfully applied in detection of Dengue and Zika virus [10] . In sum, these Cas13/Cas12a-based nucleic acid detection technologies provide a simple, fast, portable, and quantitative detection platform for molecular diagnostics.
Applications of CRISPR-Cas9/Cas12a biotechnology in bacteria
CRISPR-Cas9/Cas12a are well-studied CRISPR nucleases, and thoroughly engineered and optimized in bacteria for broad applications, especially in metabolic engineering and synthetic biology. Bacteria as cell factories can take up simple and cheap feedstock, like renewable biomass and even wastes, for basic cell metabolism and biosynthesis of value-added chemicals. To enhance performance of the cell factory, genetic manipulation on them are often required. Although the traditional methods based on recombination systems are available, they are time consuming and labor intensive. Nowadays, CRISPR-Cas9/Cas12a-based biotechnologies have greatly facilitated the genetic manipulation on model and non-model bacteria for higher editing efficiency and specificity. Here, we summarize the CRISPR biotechnology applications Table 1 Applications of CRISPR-Cas9/Cas12a biotechnologies in various bacteria.
Bacteria Biotechnologies Applications
Escherichia coli E. coli [84, 115, 116, 122, 123] Cas9-mediated genome editing Production of uridine, adipic acid, β-carotene, and isopropanol E. coli [72, 243] Cas12a-mediated genome editing Biotechnology demo E. coli [63, 90, 92] dCas9-mediated CRISPRa Biotechnology demo E. coli [117] [118] [119] [120] [121] [124] [125] [126] [127] dCas9-mediated CRISPRi Production of lycopene, isoprene, 4-hydroxybutyrate, malate, butanol, naringenin, malonyl-CoA, and mevalonate E. coli [61] dCas12a-mediated CRISPRi Biotechnology demo E. coli [96] [97] [98] DNA base editing Biotechnology demo E. coli [74] RNA base editing Biotechnology demo E. coli [71, 72] RNA cleavage Biotechnology demo Cyanobacteria Synechococcus [134] Cas12a-mediated genome editing Biotechnology demo Synechocystis [134] Cas12a-mediated genome editing Biotechnology demo Anabaena [134] Cas12a-mediated genome editing Biotechnology demo S. elongatus [150, 153] Cas9-mediated genome editing Biotechnology demo Synechocystis [151] Cas9-mediated genome editing Biotechnology demo Streptomyces S. coelicolor [171, 173, 174, 176] Cas9-mediated genome editing Production of secondary metabolites S. ablus [172, 177] Cas9-mediated genome editing Activation of silent BGCs S. viridochromogenes [172, 177] Cas9-mediated genome editing Activation of silent BGCs S. lividans [172, 177] Cas9-mediated genome editing Activation of silent BGCs S. coelicolor [174] dCas12a-mediated CRISPRi Production of secondary metabolites S. hygroscopicus [174] Cas12a-mediated genome editing Production of 5-oxomilbemycin S. rimosus [175] Cas9-mediated genome editing Production of oxytetracycline S. coelicolor [176] dCas9-mediated CRISPRi Production of secondary metabolites S. venezuelae [177] Cas9-mediated genome editing Activation of silent BGCs Lactic acid bacteria L. reuteri [85] Cas9-mediated genome editing Biotechnology demo L. casei [186] Cas9-mediated genome editing Biotechnology demo Clostridium C. beijerinckii [193, 194] Cas9-mediated genome editing Biotechnology demo C. saccharoperbutylacetonicum [195] Cas9-mediated genome editing Production of butanol C. acetobutylicum [196] dCas9-mediated CRISPRi Biotechnology demo C. beijerinckii [196] nCas9-mediated genome editing, dCas9-mediated CRISPRi Biotechnology demo C. ljungdahlii [198] Cas9-mediated genome editing Production of ethanol from synthetic gas C. tyrobutyricum [199] Cas9-mediated genome editing Production of butanol C. pasteurianum [200] Cas9-mediated genome editing Production of butanol from waste glycerol C. difficile [201] Cas12a-mediated genome editing Biotechnology demo C. cellulolyticum [202, 203] nCas9-mediated genome editing Production of biofuels and chemicals from lignocellulosic biomass C. acetobutylicum [204] dCas9-mediated CRISPRi Relief of catabolite repression C. beijerinckii [205] dCas9-mediated CRISPRi Biotechnology demo C. cellulovorans [206] dCas9-mediated CRISPRi Production of solvents (acetone, butanol and ethanol) Corynebacterium C. glutamicum [209] Cas12a-mediated genome editing Biotechnology demo C. glutamicum [210] [211] [212] [213] Cas9-mediated genome editing Production of γ-aminobutyric acid, 1,2-propanediol C. glutamicum [214] Cas9 and nCas9-mediated genome editing, base editing Production of glutamate C. glutamicum [215] [216] [217] dCas9-mediated CRISPRi Production of L-lysine, L-glutamate and homo-butyrate Bacillus B. subtilis [219, 220, 223, 224] Cas9-mediated genome editing Production of L-valine and β-cyclodextrin glycosyltransferase B. subtilis [219, 221, 222] dCas9-mediated CRISPRi Production of hyaluronic acid and N-acetylglucosamine B. smithii [225, 226] Cas9-mediated genome editing Biotechnology demo on a moderate thermophile Pathogenic bacteria S. aureus [229] DNA base editing Biotechnology demo S. aureus [230] Cas9-mediated CRISPR Biotechnology demo S. aureus [231] dCas9-mediated CRISPRi Biotechnology demo M. tuberculosis [232] [233] [234] dCas9-mediated CRISPRi Biotechnology demo P. aeruginosa [240] dCas9-mediated CRISPRi Biotechnology demo Klebsiella [241] Cas9-mediated genome editing Biotechnology demo K. pneumoniae [242] dCas9-mediated CRISPRi Biotechnology demo Y. pestis [243] Cas12a-mediated genome editing Biotechnology demo on a few characterized bacteria, including E. coli, Streptomyces, Clostridium, Corynebacterium, Bacillus, lactic acid bacteria, cyanobacteria, and pathogenic bacteria (Table 1 ).
E. coli
E. coli is one of the most widely used host organisms for microbial cell factories and synthetic biology applications [86, 87, [106] [107] [108] . In the past, a large number of tools have been established to edit genomic sequences to knock-in or knock-out genes, which are primarily based on homologous recombination-based systems (e.g., λ-Red, Cre-lox, and FLP-FRT). To expand the capacity of such systems to large-scale genomic editing that can efficiently modify multiple genomic loci, multiplex automated genome engineering (MAGE) and conjugative assembly genome engineering (CAGE) have been developed [109, 110] . While these tools greatly improved our capability to edit E. coli genome, they often require the expression of selection markers in the genome or need either screening or genome sequencing to identify the desired clone. In addition, a number of tools to control endogenous gene expression levels without modifying the genome are also available in E. coli. For example, zinc finger proteins (ZFPs) and antisense RNAs can be designed to mostly turn down expression [111, 112] . However, these tools often require the introduction of heterologous sequence to the genome and thus leave scars, or have limited design consensus [113] .
Although tools in E. coli is relatively abundant compared to many other host organisms, CRISPR-Cas still greatly propels our capability to engineer E. coli. Such capabilities have largely facilitated metabolic engineering and proved to improve the titers, productivities and yields for various chemicals. Compared to the previously available tools, CRISPR-Cas-based systems have a few advantages that have been exploited in various applications. First, CRISPR-Cas system is highly efficient in cleaving the target sequence and thus can be combined with λ-Red recombineering to achieve precise, efficient, and marker-free editing. For example, Jiang et al. developed a two-plasmid system that allowed iterative genome editing of multiple targets and curing of the plasmids after completion [114] . These systems saved the efforts to recycle selection markers and enable multiple modifications to be introduced simultaneously, thus greatly improved the engineering throughput. Li et al. exploited this capacity to integrate a β-carotene synthetic pathway into the genome and performed combinatorial modulations to test 33 genomic modifications to search for clones with improved β-carotene production, with the best producer yielding 2.0 g/ L β-carotene in fed-batch fermentation [115] . In another study, genome libraries of isopropanol pathway with close to 1000 variants were rapidly constructed with CRISPR, and thus allowed more genetic space to be explored to identify the superior performer. The best performer reached a titer of 7.1 g/L isopropanol within 24 h [116] . Second, CRISPR-Cas systems are versatile and can be used to transcriptionally repress or activate gene expression. CRISPRi and genome editing have been successfully applied in metabolic engineering to optimize gene expression levels for improved production of various molecules, including lycopene [117] , isoprene [117] , 4,4′-dihydroxybiphenyl (4HB) [118] , malate [119] , n-butanol [120] , naringenin 7-sulfate [121] , uridine [122] , adipic acid [123] , etc. Wu et al. constructed the CRISPRi system to perturb the expression of multiple genes in the central metabolic pathway and achieved improved malonyl-CoA level by 223% [124] . Li et al. targeted the DNA replication machinery with CRISPRi to decouple cell growth from production of biochemicals, and led to an increase in mevalonate yield by 41% [125] . Further, CRISPRi and CRISPRa also expand the toolkit of genetic parts to build gene circuits, as orthogonal control can be achieved by just using different sgRNAs. For example, orthogonal sgRNA/promoter pairs were constructed by Nielsen et al. and used to build multi-input logic gates with high ontarget repression [126] . The circuit was further connected to the native E. coli metabolism by targeting the output sgRNA to a transcription factor. Linking CRISPR-Cas to cellular metabolism in gene circuits also provides promising potentials for metabolic engineering applications, and the prospects of engineering dynamic CRISPR-Cas circuits to regulate metabolic pathways has been discussed in another recent review [127] . In addition, emerging technologies such as programmable DNA/ RNA base editing further opens up opportunities to expedite metabolic engineering processes by allowing for point mutations without DSBs [128] (discussed in section 3.3, Table 1 ). Moreover, CRSPRa with SoxS has been recently expanded to allow for simultaneous multiplex genome editing of up to six different genes and genes at least 41 loci [129] . Overall, CRISPR-Cas has greatly advanced our capability to achieve multi-target genome editing and gene expression control, and expanded tools for synthetic biology applications.
Cyanobacteria
Cyanobacteria is a group of photosynthetic bacteria, habiting in various conditions. Unlike the broadly-used chassis E. coli that requires food-based carbon feedstock [130] [131] [132] [133] [134] , cyanobacteria is able to utilize CO 2 and solar energy for growth and biosynthesis [135] [136] [137] [138] [139] [140] [141] [142] . Numerous products have been successfully produced by cyanobacteria, ranging from biofuels, pharmaceuticals, and nutrients [130, 133, [143] [144] [145] [146] [147] [148] [149] . Also, integration of CO 2 into biomass by cyanobacteria can restore the energy balance [136] . Thus, it is believed that cyanobacteria are next-generation cell factories for synthetic biology and metabolic engineering.
However, the time to successfully engineer cyanobacteria is much longer than other established cell hosts [134, 144, 145, 150, 151] . This is because cyanobacteria are ploidy, i.e. cyanobacteria have multiple copies of chromosomes, varying from 3 to up to 218 copies [152] . For example, there are more than 12 chromosome copies per cell in Synechocystis PCC 6803, and ∼3 copies per cell in Synechococcus PCC 7942. For conventional homologous recombination-based editing method, multiple rounds of segregations are required to get a fullysegregated mutant in which all chromosomes are modified. Thus, there is a great need for the development of a fast one-step gene editing system. So far, CRISPR-Cas9 and CRISPR-Cas12a systems have been developed to facilitate genome editing in cyanobacteria by several groups [134, 150, 151, 153] . Cas9 has been successfully applied for genome engineering in Synechococcus elongatus UTEX 2973 [150] , S. elongatus PCC 7942 [153] , and Synechocystis sp. PCC 6803 [151] . Due to the toxicity caused by high expression of Cas9, the transient or lowlevel expression of Cas9 are adopted and allows for efficient genome editing. Using the Cas9-assisted genome editing, Li et al. performed multiple gene knock-in and knock-out to generate a succinate-producing Synechococcus with high performance (succinate titer 0.44 mg/L, an 11-fold increase compared to the starter) [153] . Moreover, Xiao et al. developed an inducible Cas9 system to cure the endogenous plasmids in Synechocystis sp. PCC 6803 and created a E. coli-Synechocystis shuttle vector for stable expression of heterologous genes [151] . Moreover, Cas12a is reported to present less toxicity compared to Cas9, and the Cas12a-assisted genome editing has been applied in Synechocystis sp. PCC 6803, S. elongatus 7942, and Anabaena sp. PCC 7120 [134] . These results showed that Cas12a worked effectively in Synechococcus (efficiency 90%), whereas its efficiency was modest in Anabaena (efficiency 63%) and Synechocystis (efficiency 44%).
Streptomyces
Streptomyces is the largest genus of Actinobacteria with an extremely high GC content in their genomes. Streptomyces have evolved to produce a wide variety of bioactive secondary metabolites, including antibiotics, anticancer agents, herbicides, and immunosuppressants [154] [155] [156] [157] [158] [159] [160] [161] [162] [163] [164] [165] [166] . However, the potential for metabolite biosynthesis is not fully explored. Whole genome sequencing analysis reveals that Streptomyces harbor a large number of silent biosynthetic gene clusters (BGCs), providing useful clues for discovery of unique secondary metabolite pathways [167] [168] [169] [170] . The lack of efficient tools for exploiting Streptomyces genomes, impedes the discovery process, and thus advanced genetic tools are urgently needed.
Recently, the CRISPR-Cas technique provides a powerful tool for inframe gene deletion [52, [171] [172] [173] [174] , single/double-site mutations [175] , reversible gene expression control [176] , and activation of silent BGCs in multiple Streptomyces strains [177] . Several studies utilize a codonoptimized spCas9 for genome editing [171] [172] [173] 176, 178] . The efficiency of genome editing in three independent research achieved 66-100% efficiency in S. ablus and S. viridochromogenes [172] , and 70-100% efficiency in S. coelicolor [171, 176] . Cobb et al. [172] compared a dual tracr/crRNA expression cassette with a sgRNA expression cassette. The results showed that the usage of sgRNA in the CRISPR system for multiplex engineering presented better efficiency, leading to efficient genome deletion ranging from 20 bp to 30 kb. To introduce spCas9 into industrial Streptomyces, Li et al. [174] developed a fnCas12a-assisted genome editing system in S. coelicolor, and expanded the system into seven other Streptomyces strains including important industrial strains S. pristinaespiralis HCCB10218 and S. hygroscopicus SIPI-KF. The efficiency of gene deletion in S. coelicolor reached 0-50% by NHEJ and 75-95% by HDR, respectively. In the same study, a dCas12a-based integrative CRISPRi system for transcriptional repression in Streptomyces has been created, achieving up to 95% repression [174] . Furthermore, Lei et al. [78] and Zhang et al. [177] reported an efficient CRISPR-Cas9-mediated and CRISPR-Cas12a-mediated promoter knock-in strategy to activate silent BGCs within different species, including S. albus, S. lividans, S. roseosporus, S. venezuelae, and S. viridochromogenes. In Zhang's work [177] , the native promoters were replaced by a strong and constitutive promoter kasO*p using CRISPRCas9 system. Consequently, the biosynthesis of related compounds was enhanced, and some new products (such as a novel type II polyketide) were identified. This strategy presents an improved technique for activation of silent BGCs and contributes to discovery of new uncharacterized compounds.
Lactic acid bacteria (LAB)
LAB constitute a wide group of low-GC Gram-positive bacteria that are non-sporulating, non-motile, facultative anaerobic, and acid-tolerant [179] . The main applications of LAB are food starters and healthpromoting probiotics [180, 181] . LAB possess specific characteristics, including small genome sizes, high sugar uptake, high tolerance to environmental stress, and uncoupled growth and energy metabolism. Such features render them natural cell factories for industrial production of metabolites and enzymes [182] [183] [184] [185] .
Exogenous CRISPR-Cas9 systems have been broadly adapted for genome editing in LAB [85, 186] . Moreover, Stout et al. [187] reported a mechanism of native CRISPR targeting escape in L. gasseri JV-V03 and NCK1342, which contributes to a better understanding of the occasional target failure of type II systems. On the other hand, targeted mutagenesis with high efficiencies (90-100%) in Lactobacillus reuteri was achieved through spCas9-mediated single-strand DNA recombineering [85] . Song et al. [186] developed a highly efficient nCas9 system for in-frame gene deletions and chromosomal insertion of exogenous genes in L. casei, with efficiencies ranging from 25 to 62%.
Clostridium
The Gram-positive, anaerobic, spore-forming Clostridium has drawn tremendous attention, because Clostridium includes diverse species with vital importance for human disease and industrial biotechnology [188] . In particular, they have great potentials for the production of biochemical and biofuels from renewable carbon sources [189, 190] . Because Clostridium is difficult to be genetically engineered, the development and implementation of efficient genetic engineering tools is a prerequisite of constructing cell factory [191, 192] .
The CRISPR-Cas tools have been extensively employed as a counterselection tool for selecting rare homologous recombination events in the Clostridium [193, 194] . Wang et al. [193] reported efficient and marker-less chromosomal gene deletion in Clostridium beijerinckii NCIMB 8052 using spCas9. The system was then optimized and expanded in the same strain for large DNA fragment deletion, gene integration and single nucleotide modification by combining Cas9 expression with an inducible promoter and plasmid-borne editing templates [194] . The strategy of inducible Cas9 expression significantly improved HDR efficacy, which has been recognized by many researchers [195] [196] [197] [198] . For example, Wang et al. [195] applied this customized genome editing tool along with optimized gRNA expression for a hyper-butanol-producing strain C. saccharoperbutylacetonicum N1-4, resulting in a double deletion mutant strain capable of producing 19.0 g/L butanol. Huang et al. [198] developed a similar system in C. ljungdahlii. They tested several available promoters for expressions of Cas9 and sgRNA, and selected strong promoters P thl (thiolase) and P araE (phosphotransbutyrylase) to control the expression. All genetic elements were constructed in a single plasmid vector and transferred into C. ljungdahlii by electroporation. The precise single gene deletions were achieved with efficiencies ranged from 50% to 100%. Besides spCas9, the exploitation of the native type I-B CRISPR-Cas within C. pasteurianum and C. tyrobutyricum was also reported [199, 200] . The native CRISPR-Cas can mitigate Cas9 toxicity and improve transformation efficiency up to 100%. In addition, exogenous CRISPR-Cas12a was exploited for deletion of large DNA fragment (49.2 kb) and multiplex genome editing with high efficiencies in C. difficile [201] .
As nCas9-based genome editing and gene repression can circumvent lethal effects of Cas9-induced DSBs, this strategy has been widely used in C. acetobutylicum, C. beijerinckii, and C. cellulolyticum [196, 202, 203] with up to 100% efficiency. Xu et al. [202] reported applications of nCas9 in precise gene deletions and insertions in C. cellulolyticum. The nCas9 editing was further explored to facilitate antisense RNA-mediated repression [203] . First, the authors used a synthetic promoter P4 and a ferredoxin promoter from C. cellulolyticum to drive the expression of nCas9 and sgRNA respectively, generating a single-nick-triggered homologous recombination within one step. Then, plasmid-borne homologous arms with 0.1-kb, 0.2-kb, 0.5-kb or 1-kb DNA length, were tested as donor templates, demonstrating longer regions of homology on the donor had higher efficiencies (more than 95%). Lastly, such Cas9-nickase genome editing facilitated antisense RNA-mediated repression targeting pta encoding phosphotransacetylase, leading to reduce acetate titer in both wild-type and lactate deficient mutant [203] . Also, the dCas9-CRISPRi technology has been developed as an efficient tool for gene repression in Clostridium species [196, [204] [205] [206] . In particular, Wen et al. [206] adopted CRISPRi strategy to down-regulate the expression of a putative hydrogenase and resulted in decreased hydrogen production.
Corynebacterium
Gram-positive Corynebacterium is a major workhorse for production of amino acids and a variety of related compounds which are used as polymer subunits, biofuels, feed additives, nutritional supplements, cosmetics, and pharmaceutical intermediates [207, 208] . The CRISPRCas genome editing methods have been developed in several Corynebacterium species [209] [210] [211] [212] . The first publication on genome editing in C. glutamicum was reported by Yang group, who adapted fnCas12a along with single-stranded DNA recombineering for genetic alterations [209] . Since Cas12a is capable of processing its own crRNA, multiplex genome editing using a customized CRISPR array is easily to be attained. The genes for fnCas12a and crRNA were combined with homologous arms in one single vector for large gene deletions and insertions. Aided by the system, the condon saturation mutagenesis of proB encoding γ-glutamyl kinase successfully enabled to remove a Lproline feedback inhibition. Unlike Cas12a, the CRISPR-Cas9 genome editing needs fine-tuning of Cas9 expression to relieve the Cas9 toxicity. Several attempts utilized a two-plasmid system, one expressing Cas9 under an inducible promoter, and the other carrying sgRNA and a repair template [210, 211] . Furthermore, Cho et al. [212] developed another two-plasmid system, one vector was used to express Cas9-sgRNA, and the other vector was used to express RecT from a Ptac promoter. RecT expression played an important role to obtain positive transformants using ssDNA as an editing template. After genome editing, plasmids could be cured to obtain plasmid-free strains. This tool was then applied to perform multiple gene knockout for enhanced γ-aminobutyric acid production. Wang et al. [213] optimized the singleplasmid method by utilizing a chromosome-borne Cas9-RceET and eliminated the instability of Cas9 on the plasmid. Aided by this system, 1,2-propanediol production reached as high as 6.75 g/L in a small-scale fermentation. In addition to nuclease-dependent genome editing, nuclease-free DNA base editing technologies have also been developed in C. glutamicum based on the experience from animals and plants systems [214] . Integrated in robotic systems, a multiplex automated C. glutamicum based editing method (MACBETH) was created to increase glutamate production. To improve glutamate production, MACBETH was applied to construct a multiple gene inactivation library, in which pyk& ldhA double inactivation phenotype showed the best performance. The ease and automation of MACBETH could significantly speed up the generation of rationally engineered strains.
In addition, CRISPRi was established earlier than the CRISPR-based genome editing in C. glutamicum. Cleto et al. [215] applied CRISPRi to repress glycolytic pathway genes, pgi, pck, and pyk, and enhanced Llysine production and L-glutamate productivity within as short as three days. Park et al. [216] expanded CRISPRi to repress two genes simultaneously and increased L-lysine yield by 1.3-fold in C. glutamicum DM1919. In another study, Yoon and Woo [217] adopted CRISPRi to repress acn encoding aconitase for higher homo-butyrate production.
Bacillus
Bacillus is gram-positive and rod-shaped, including free-living and parasitic pathogenic species. Many Bacillus species are generally recognized as safe (GRAS) microorganisms and perform well as cell factories. Thus, Bacillus have been commonly applied for the industrial value-added production, especially recombinant proteins [218] . Recently, the CRISPR tools for Bacillus have been developed to facilitate genetic modification. Chou group [219] developed CRISPR-Cas9 genome editing based on chromosomal expression system and CRISPRi in Bacillus subtilis, which can effectively perform continuous genome editing, multiplexing of gene mutations, and gene repression. This system is comprised of two essential elements, P xylA.SphI+1 -gRNA transcription cassette and counter-selectable gRNA delivery vectors, thus avoiding instability and metabolic burden caused by multiple plasmids. Using this strategy, this group successfully improved the production of L-valine [220] and hyaluronic acid [221] . In detail, the L-valine titer was increased to 4.61 g/L in shake flask cultures using the following strategies: (i) releasing L-valine feedback inhibition; (ii) redirecting more carbon towards L-valine biosynthetic pathway; (iii) blocking Lvaline degradation pathway and competing pathways; (iv) increasing precursor pyruvate concentrations. Other industrially relevant examples for Bacillus genome editing include disruption of essential genes to construct N-acetylglucosamine (GlcNAc) producing strains [222] and β-cyclodextrin glycosyltransferase producing strains [223] , and knocking out protease genes to construct protease-deficient strains [224] . Wu et al. [222] developed a xylose-induced CRISPRi system, which efficiently down-regulated GlcNAc-competing pathway genes: zwf in the pentose phosphate pathway, pfkA in the glycolytic pathway, and glmM in the peptidoglycan pathway. The engineered strain was able to produce 17.4 g/L of GlcNAc at a yield of 0.42 (g/g) from glucose and xylose. After combination of sgRNA and optimization of temporal control system, the final strain could synthesize 103.1 g/L of GlcNAc in a 3-L fermenter via fed-batch culture. In a thermophilic B. smithii study, to overcome obstacles of the regular spCas9's working temperature (< 42°C), Mougiakos et al. [225, 226] developed a thermos-tolerant Cas9 (ThermoCas9) from a thermophilic bacterium G. thermodenitrificans T12. Finally, the CRISPR-mediated gene deletion can be achieved at 55°C in vivo. Besides Cas9, Li et al. [227] developed a nCas9 genome editing method for single, double and large-fragment gene deletions and gene integration, reaching efficiencies of 100%, 11.6%, 79%, and 76.5%, respectively.
Pathogenic bacteria
Pathogenic bacteria is an important class of bacteria, because they cause various human diseases. The antibiotic-resistance and health problems caused by the pathogenic bacteria are still global challenges [228] , while CRISPR-based tools have greatly facilitated their research. Besides the above-mentioned C. difficile, other classic pathogens are discussed here, including Mycobacterium tuberculosis, Staphylococcus aureus, Pseudomonas aeruginosa, Klebsiella pneumoni, and Yersinia pestis. To genetically modify S. aureus, Ji group has developed efficient and fast tools including nCas9-APOBEC1 base editing and CRISPR-Cas9 genome editing [229, 230] . The dCas9 system is also available in S. aureus [231] . In M. tuberculosis that is notoriously difficult to be genetically manipulated, Cas9-CRISPRi techniques facilitated functional gene analysis [232] [233] [234] . A recently developed Cas12a-mediated genome editing system in M. smegmatis [235] may pave a way for efficient genome modification in M. tuberculosis, owing a lower toxicity of Cas12a in Mycobacterium. Pseudomonas is a chassis broadly used for biodegradation and biosynthesis [236, 237] and some species such as P. aeruginosa are lethal pathogens. The efficient CRISPR-Cas9/Cas12a genome editing tools have been developed for P. putida [238, 239] and the CRISPRi systems have also been applied for gene repression in P. aeruginosa, P. fluorescens and P. putida [240] . Also, the CRISPR-Cas9 based genome editing [241] and interference [242] have been developed in Klebsiella pneumoni, and a CRISPR-Cas12a assisted recombineering system is available in Yersinia pestis [243] .
Conclusions and perspectives
Novel CRISPR-Cas mechanisms are continually being discovered nowadays, refreshing our knowledge and allowing us to further optimize the CRISPR-Cas biotechnologies. The discovery of anti-CRISPRCas reveals an evolutionary arms race between virus and CRISPR systems [48, 50, 53, 55] . Interesting questions arise as how microorganisms harboring CRISPR-Cas fight back against virus to keep the race balanced. We believe more novel CRISPR-Cas proteins and mechanisms will be discovered in the future.
Owing to merits such as fast growth in low-cost cultivation and ease of genetic manipulation and scale-up fermentation, the bacteria are often used for both fundamental research and practical application. The CRISPR-Cas technologies are boosting research like synthetic biology and metabolic engineering for fine and bulk bio-products [106, [244] [245] [246] . The classic CRISPR-Cas9/Cas12a-based biotechnologies, such as gene repression and nuclease-dependent genome editing, have been broadly applied in various bacteria (Table 1) and eukaryotic cell, whereas the emerging CRISPR biotechnologies DNA/RNA base editing and RNA cleavage are available only in eukaryotic cells [3, 101, 103, 247, 248] and E. coli (Table 1) . Thus, it leaves a huge space to extend these biotechnologies in non-conventional bacterial hosts. In the future, the CRISPR technologies and the novel Cas9 variants (such as xCas9) with unique characters [63] are expected to be further developed as versatile tools and broadly applied in bacteria. Additionally, the collateral effects of Cas13 and Cas12a [9] [10] [11] have been exploited for in vitro detection of specific nucleic acids. This new technology is expected for medical use within a foreseeable future. These applications present a huge potential of CRISPR biotechnology in industrial and medical fields.
The challenges of the CRISPR technology [5] , including the offtarget effects and Cas toxicity, are recognized to limit its applications. Off-target effects cause unexpected modifications on the genomes, resulting in concerns in biosafety and efficiency. Owing to small-size genome, the off-target effect is less common in bacteria and can be further reduced by rational designs of sgRNA. Various bioinformatics tools have been developed to assist the design of these guide RNA sequences with high specificity and efficacy [93, 249] , including WU-CRISPR [250] , CRISPR. mit [251] , GuideScan [252] , CCTop [253] , sgRNA Scorer2.0 [254] , CHOPCHOP [255] , CRISPRscan [256] , CLD [257] , and E-CRISP [258] . Additionally, toxicity caused by heterologous expression of Cas9 proteins has been widely reported [94, 134, 151, 259] . However the toxicity mechanisms [134, 151] are not fully characterized. Such toxicity can be alleviated by replacing Cas9 with Cas12a in some cases [134, 209] . On the other hand, DSBs caused by Cas proteins is lethal to host cells [84, 150, 259] and can induce DNA damage response mediated by other known/unknown host factors (such as p53 proteins that can conserve the stability by preventing genome mutation) [94, 259] . To overcome this problem, the nucleasefree DNA base editing without introduction of DSBs, is created for safer genome modification [3, 74, 96] . In conclusion, the CRISPR-Cas9/ Cas12a technologies have revolutionized the research on bacteria. We anticipate that new CRISPR discoveries and technologies will further enhance our understanding of life and capacity to genetically modify organisms.
